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embryos die! during early embryogenesis due to poorly developed yolk sac (Dyer et al. 
2001). In later development, Ihh is important for bone growth. Defects in Ihh signalling 
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Erythroblast subsets defined by  
expression of cell surface marker  
CD71 and Ter119  
Predominantly 




    Late basophilic  
& chromatophilic    


















Erythroid progenitors detected by  
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DP 
TCR !  TCR "  
HSC 






 (pre-TCR signalling) 
   "! selection 
   (TCR signalling) 




(Low MHC affinity) 
CD4 
CD8 
MHC classII recognition 




(Self-peptide recognition)  
Apoptosis 




(MHC high affinity 
of self-peptide) 
Survive 
















Without Hh proteins With Hh proteins 
Patched Smoothened Patched Smoothened 
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Oligonucleotide Sequence Product size (bp) 
    
Forward ATCCACGTATCGGTCAAAGC Dhh WT gene 
Reverse GGTCCAGGAAGAGCAGCAC 
442 
    
Forward GGCATGCTGGGGATGCGGTG Dhh mutated gene 
Reverse GGTCCAGGAAGAGCAGCAC 
110 
    
Forward CGATGCAACGAGTGATGAGG CD4-cre 
Reverse GCATTGCTGTCACTTGGTCGT 
300 
    
Forward AGATGCCAGGACATCAGGAACCTG Vav-cre Reverse ATCAGCCACACCAGACACAGAGATC 
300 
    
Forward CTGTGGATTATGTTCCTGAT Foxa1  
WT and loxP gene Reverse GTGTCAGGATGCCTATCTGGT 
WT 290             
loxP 450 
    
Forward CCCCTGAGTTGGCGGTGGT Foxa2  
WT and loxP gene Reverse TTGCTCACGGAAGAGTAGCC 





Transcript Direction of Primer Oligonucleotide Sequence 
   
Forward CTGATGACAGAGCGTTGC Dhh 
Reverse TCGTAGTGGAGTGAATCCTG 
   
Forward  AGGAGGCCTACTCCTCTGTC Foxa1 
Reverse  GCGTAGGACATGTTGAAGGA 
   
Forward  TTCTTCAACCAGGCTGAGTG Smo 
Reverse  CGTATGGCTTCTCATTGGAGTG 
   
Forward  TGCTCTCCAGTTCTCAGACTC Ptch Reverse  CCACAACCTTGGGTTTGG 
   
Forward  AAACCTCAAGACGCACCTTCGG Gli Reverse  CGTATCCDTTCTCATTGGAGTG 
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regulation of erythroid progenitor differentiation and that it acts as a negative 
regulator of erythropoiesis.!!
Analysis of Dhh-/- mice showed that in the absence of Dhh, normal erythroid 
development occurs in an accelerated fashion resulting in an accumulation of late 
stage erythroblasts both in the bone marrow and spleen. A negative regulatory role 
for a Hh protein family member has previously been described for Indian hedgehog 
(Outram et al. 2009). In this case, Hh signalling provides both positive and negative 
regulatory signals in order to maintain homeostatic control of the thymus. In terms of 
erythropoiesis, it was found that Shh positively regulates erythroid development, as 
addition of Shh promotes erythroid proliferation /7)! 5'8@26')! 17! 'J4/7)')!'536&5+1)!=+2+71'8!,D'60'5!'6!/2>!#bbb->!Therefore, it is likely that the process of 
erythroid development may be controlled both by positive and negative regulatory 
signals with feedback between both sets of signals thus allowing a tight control of 
erythroid homeostasis, as seen in the case of the thymus (Outram et al. 2009).  
In fact, the three Hh proteins sequences are highly conserved in vertebrates, and Hh 
proteins can act in the same tissues and have overlapping or redundant functions 
(Kumar et al. 1996). Although the overlapping functions of Hh proteins have not 
been well-studied, studies of Hh on T-cell development showed that the three Hh 
! ^"!
proteins may have some differential functions and overlapping activities in order to 
regulate thymocyte differentiation (Crompton et al. 2007, Outram et al. 2009). Thus, 
it is possible that the Hh proteins may have differential regulatory roles and 
overlapping functions in controlling erythroid development to maintain homeostasis. 
More studies are needed to identify the role of other Hh proteins and the Hh 
signalling pathway components in erythropoiesis.  
It is well known that the Hh signalling pathway is activated by binding of Hh 
proteins to Ptch and this relieves the Ptch mediated inhibition of Smo. This then 
allows Smo to regulate the activity of the Gli transcription factors, which in turn 
regulate expression of Hh target genes. Although Gli1 acts as an activator of 
transcription, it is not essential for the initiation of Hh signalling and is itself a target 
gene of the Hh signalling pathway (Crompton et al. 2007), thus it is important to!
point out  that the transcription level of Gli1 in a population of cells can also be read 
as an indicator of activation of Hh signalling. In our findings, the high expression 
level of Gil1 in the population of late stage erythroblasts (subset III) suggested that 
the influence of Hh signalling on erythroblast differentiation may not be observed 
until the later stages of erythroid development. These findings are consistent with 
our observation of an increase in the number of late stage erythroblasts in the spleen 
and bone marrow in the Dhh-/- mice. Thus, here we show that Dhh may have a 
negative effect on erythroid differentiation, specifically in late stage erythroblasts 
and thus increase the total number of cells in the spleen in Dhh-/- mice. 
Our data also demonstrated that loss of Dhh alters the differentiation of myeloid 
lineages, and results in decreased production of GMP and increased CMP and MEP 
! ^#!
populations in Dhh-/- bone marrow. Furthermore, analysis of committed erythroid 
progenitors, BFU-E, also revealed an increased number of this population in Dhh-/-. 
These experiments indicate that Dhh is essential in haematopoiesis and negatively 
regulates erythroid development at multiple stages. We did not find evidence to 
support the hypothesis that the proliferation of erythroid lineages is increased. Thus 
the increased number of erythroblasts in the spleen and bone marrow that led to the 
enlarged spleen in Dhh-/- mice seemed to also be the result of an increased rate of 
differentiation from the early progenitors, CMP and MEP along the erythroid 
lineage. These findings are consistent with the regulatory functions of Gli1 in 
haematopoiesis, as Gli1 is essential for differentiation of myeloid progenitors. 
(Merchant et al. 2010) 
Our data showed that Lmo2 is upregulated on loss of Dhh signalling in erythroid 
populations and down-regulated by treatment of Dhh-/- erythroblasts with rDhh. 
These experiments suggested that Lmo2 is a potential functional transcriptional 
target of Hh signalling, which is repressed by Dhh signalling, presumably by 
activation of an intermediate transcriptional repressor. Studies of Lmo2 have shown 
that it is required for erythroid differentiation and is expressed in the myeloid lineage 
and especially highly expressed in erythroid progenitors. Loss of Lmo2 cause defects 
in yolk sac erythropoiesis and leads to embryonic lethality (Hansson et al. 2007, 
Warren et al. 1994). Forced expression of Lmo2 leads to expansion of erythroid 
progenitors, thus suggesting that Lmo2 is a positive regulator of erythropoiesis 
(Hansson et al. 2007). In that study, overexpression of Lmo2 caused an increase in 
numbers of BFU-E, and reductions in granulocyte and macrophage progenitors, 
which is consistent with our findings in Dhh-/- mice (Hansson et al. 2007). Taken 
! ^$!
together, the increased numbers and differentiation, and increased Lmo2 expression 
found in Dhh-/- erythroblasts consistent with the positive regulatory function of 
Lmo2, which may provide one possible mechanism for Dhh function in 
erythropoiesis.  
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  Red pulp/White/pulp  Red pulp %  
 
 WT Dhh-/-  WT Dhh-/-  
        
Day 0  1.4 2.1  59 68  
        
Day 5  5.2 4.8  84 83  
        
Day 7  4.8 6.2  83 86  
        
Day 9  5.0 4.9  83 83  
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Following chemotherapy or radiotherapy, humans, as well as mice, may experience 
bone marrow regeneration and stress erythropoiesis to replenish the HSCs and 
erythrocytes. Use of mouse models to induce bone marrow regeneration and stress 
erythropoiesis by sub-lethal irradiation or treatment with drugs to induce anaemia, =/7! &'24! 6+! A'66'5! @7)'586/7)! 6&'! 5'*@2/61+7! +.! &/'0/6+4+1'818! /7)!'536&5+4+1'818> 
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haematopoietic phases have been defined. The first haematopoietic wave, named 
primitive haematopoiesis, occurs in the yolk sac at E7 in mice. Primitive erythroid 
progenitors (EryP) are the main and earliest population produced at this stage, 
whereas rare primitive macrophage and megakaryocyte progenitors are also detected 
in the yolk sac (Palis et al. 1999, Tober et al. 2007, Xu et al. 2001). This is followed 
by the second wave, definitive haematopoiesis, which begins within the aorta-
gonads-mesonephros (AGM) region at E10 (Medvinsky and Dzierzak 1996). 
Although the initial production of haematopoietic stem cells (HSC) is detected in the 
AGM region, the HSC produced at this stage are incapable of differentiating into 
different lineages (Godin et al. 1999). Instead, the HSC seed the fetal liver at around 
E11 to give rise to multipotent haematopoietic cells. In the fetal liver, the HSC are 
then expanded and differentiate into different haematopoietic lineages, including 
myeloid, T-cell, and B-cell precursors.!,\0/!/7)!V/:/@=&1!#bbb;!\0/!'6!/2>!"aa^;!N@7B1!'6!/2>!"aa"-!,G1*@5'!">"-!
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subsequently shifted to the thymus for T-cells and spleen from mid-gestation, and to 
the bone marrow before birth and throughout postnatal life (Rieger and Schroeder 
2012). ,G1*@5'!">"- 
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